Abbreviations: AFP, antifreeze protein; RD3, native type III AFP intramolecular dimer comprising the Nand C-domains connected in tandem through a 9-residues linker sequence; RD3Nl, the N-domain of RD3
Introduction
Antifreeze protein (AFP) has been identified from bacteria to animals, which is presumably a product from their cold adaptation processes so as to defense their tissues from freezing injury (1) . The water solution of AFP exhibits a non-colligative freezing temperature (T f ) depression, which is 300-to 500-fold effective compared with the equilibrium colligative depression observed for the ordinary solutes (on a molar basis) (2) . To date, it appeared that such a splendid T f depression of AFP is a result of its ice-binding ability, which inhibits the growths of embryo ice crystals that naturally emerged in the supercooling water.
This ice growth inhibitory function of AFP does not change significantly the melting temperature (T m ) of the solution so that it gives a difference between T f and T m , which is generally termed thermal hysteresis (TH) (2) . Because such a unique inhibitory function of AFP exhibits a high potential for the cryo-industrial usages, such as, cryo-preservations of tissues and cells and maintaining the texture of frozen materials (3, 4) , it becomes more and more significant to design and produce the activity-improved variants of AFP based on the detailed understanding of its ice-binding mechanism.
An elegant explanation for the non-colligative depression of T f of AFP was made by 'adsorptioninhibition mechanism', in which accumulations of AFPs onto the growing surfaces of ice crystal result in the creations of numbers of convex ice surfaces at the limited open spaces on the ice between the bound AFPs (5). The free energy of the convex ice surfaces becomes larger with increasing of the surface curvature (so-called Kelvin effect (6) ). Therefore, the further binding of water molecules onto the convex ice surfaces becomes energetically unfavorable, leading to the suppression of the ice crystal growth with 03. 4 .26 (5) increasing the number of the bound AFPs. This irreversible ice binding model was then modified to a semireversible model (7, 8) implicated in the kinetics of AFP-induced ice growth inhibition, which includes the following AFP adsorption steps for example (9) ; (i) attachment to the ice-water interface, (ii) rearrangement of adsorbed molecules by diffusion, reorientation, and/or conformational change, and (iii) detachment from the interface. It was assumed that such progressive steps of AFP adsorption are highly correlated with the local concentration of AFPs around the ice crystal surface (2).
Here we focused 7 kDa small globular type III AFP (10) and its genetically synthesized dimer, trimer, and tetramer to investigate the AFP-multimerization-effects on the T f depression and the ice crystal morphology. The type III AFP has been studied extensively for the species identified from Macrozoarces americanus (Atlantic ocean pout) and appeared to possess a diversity in amino acid sequences by multiple gene encodings (10, 11) . Determinations of the three-dimensional (3D) X-ray structures (12, 13) and the high precision NMR structure (14) revealed that type III AFP constructs a globular shape characterized by "twofold symmetric motif" or "pretzel fold". It also revealed that the putative ice-binding residues (ex. Gln ), which were identified by observing the effect of site-directed mutations of these residues on the TH activity, are located in the planar surface of the type III AFP with tight atompacking, so as to undergo a specific interaction with the ice prism plane (15) . In 1995, RD3 was identified as an exceptional isomer of the type III AFP from Lycodichthys dearborni (Antarctic ocean pout) and appeared to comprise the two type III AFP domains connected in tandem through a 9-residues linker sequence (-Asp-Gly-Thr-Thr-Ser-Pro-Gly-Leu-Lys-) (16 a flexible bend of the 9-residues linker sequence brings the two ice-binding planes of RD3 to an allowed range of orientation. Interestingly, it appeared that TH activity of RD3 is not a simple additive activity of the two type III AFP monomers, but exhibits about 6-fold enhancements compared with the monomer (on a molar basis) in the lower concentration range (0 ~ 0.5 mM) (17) . This significant TH enhancement of RD3 was ascribed to some cooperative effect originating from the two proximal domains, however, no further information has been obtained for considering detailed tandem repetition effects of the AFP domains on the thermal hysteresis and the ice crystal morphology.
In the present study, we attempted to design and generate new intramolecular dimer, trimer, and tetramer of the type III AFP, for which we utilized the primary sequences of either N-or C-domain of RD3.
For example, RD3NNC denotes a protein comprising the tandem connections of the two successive Ndomain sequences plus the C-domain sequence of RD3. We succeeded to generate RD3NN, RD3NNC, RD3NCN, RD3NCC, and RD3NCNC, for which connections of the AFP domains utilize the 9-residues linker sequence of the native RD3. For these artificial AFP multimers, we measured and compared the TH activity and the ice crystal morphology. Significantly, these AFP multimers exhibit different levels of of the ice-binding mechanism of AFP and its effect on the TH activity and the ice crystal morphology, which will lead to design and produce an activity-modified or -enhanced variants of AFP.
Materials and methods

Construction of DNAs encoding the type III AFP multimers
Our previously synthesized genes of RD3 (17) and RD3Nl (18) were utilized for the present constructions of DNAs to express the type III AFP intramolecular dimer, trimer, and tetramer. A gene encoding RD3 was newly prepared, in which we removed Kpn I and Sma I restriction sites located in a portion encoding the 9-residues linker by using the site-directed mutagenesis (denoted as RD3!Sma/Kpn).
By using this as a template, we further prepared a gene that encodes 6 th to 9 th residues of the linker plus RD3
(denoted Linker-RD3) by polymerase chain reaction (PCR) using a forward primer (5'-CGCGGATCCTATTCGTAGTTTTTAACCATG-3') and a backward primer (5'-GGAACTGCAGCCCGGGTCTGAAATCCGTTGTTGCTAACCAG-3'). It is noted that the gene encoding the part of the linker is designed so as to include Sma I restriction site. Likewise, a gene encoding RD3 plus linker (RD3-Linker) was constructed using a forward primer (5'-GTCCCCCGGGGAGGTGGTGCCGTCTTCGTAGTTTTTAACCATGTCCGGCATCAGGGTCTG-3') and a backward primer (5'-GAGCTGCAGTTAACTTTAAG -3'). In this case, the gene encoding 1 st to 6 th residues of the linker was prepared to include only Sma I restriction site. In addition, the gene encoding a part of the linker (including the Sma I restriction site) connected with that encoding the N-domain of RD3 Linker-RD3, Linker-RD3N, RD3-Linker, RD3, and RD3Nl) made it possible to construct the genes encoding RD3NN, RD3NCC, RD3NNC, RD3NCN, and RD3NCNC as summarized in Figure 1 , for which the DNA sequences were occasionally digested with Nde I and BamH I followed by ligations with a vector pET20b (Novagen).
Expressions and purifications of the recombinant multimers
The plasmid DNAs were transformed into Esherichia coli strain BL 21 (DE3), which was grown at 28ºC in LB medium supplemented with 100 mg/ml of ampicillin until the cell growth reaches to the early stationary phase. To induce the expression of any recombinant AFP multimers, 0.5 mM of Isopropyl Dthiogalactpyranoside (IPTG) was added and the cultures were grown at 28ºC for overnight. The purification of the multimers was commonly performed according to the methods described in (19) . The culture medium was centrifuged at 4,000 x g for 30 minutes at 4ºC, and then we sonicated the precipitated cell pellet containing the inclusion body of the AFP multimers. After the sonication, the fraction containing the AFP multimers was collected by centrifugation at 12,000 x g for 30 minutes at 4ºC, then it was washed with 0.1 % (v/v) Triton X-100, 1 mM EDTA for three times, and dissolved into 100mM Tris-HCl (pH = 8. (9) with 50mM K 2 PO 4 containing 100mM NaCl (pH = 10.7) at 4ºC followed by extensive dialysis against 50mM sodium acetate (pH = 3.7) at 4ºC. The precipitant formed during dialysis was removed occasionally by centrifugation. The supernatant containing AFP was loaded onto a high-S column (BIO-RAD), and the column-bound AFP was eluted with a linear NaCl gradient (0 -0.5 M) using 50mM sodium acetate buffer (pH = 3.7). The fractions containing the isolated AFP were stored and dialyzed against 0.1 M ammonium bicarbonate (pH = 7.9). The purity and the molecular weights (14 kDa (dimer), 22 kDa (trimers), and 29 kDa (tetramer)) of the samples were checked by 16 % sodium dodecyle sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Measurements of thermal hysteresis and ice crystal morphology
The T f measurements were performed for the recombinant AFP multimers dissolved in 0.1 M ammonium bicarbonate (pH = 7.9) by using an osmometer (model OM 802, VOGEL). The observation of ice-crystal morphology and the T m determination was performed using an in-house photomicroscope system consists of Leica DMLB 100 photomicroscope equipped with a Linkam LK600 (Liquid Nitrogentype) temperature controller and a CCD camera. The measurements of T f and T m were repeated for three times using the fresh samples and each averaged values were used for determination of the TH activity (TH 
Results
We successfully prepared the samples of recombinant type III AFP multimers, such as RD3Nl as the monomer, RD3 and RD3NN as the dimers, RD3NCC, RD3NNC, and RD3NCN as the trimers, and RD3NCNC as the tetramer (Figure 1 ), which were used for the measurements of TH activity and the observation of ice crystal morphology. Figure 2a activity is detected between the trimers and a tetramer (RD3NCNC), although the tetramer exhibits the highest activity. As a consequence, the activity curves of Figure 2a are largely divided into three groups corresponding to monomer, dimers, and the others. Interestingly, it appeared that the TH activity curves of the multimers are sigmoid in shape, which might be ascribed to a kinetic ice-binding process of the multimers.
The differences between the activity curves of Figure 2a are distinctly identified in Figure 2b , which by guest on January 28, 2018
http://www.jbc.org/ 11) plots the TH activity ratio between DT f (multimers) and DT f (monomer). For the two recombinant dimers, it appeared that RD3NN is less active than RD3 in the concentration range between 0.02 mM and 0.2 mM.
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The maximum ratios of RD3 and RD3NN are estimated to be 8.4 and 6.5, respectively. Among the three trimers, RD3NNC and RD3NCC possess almost identical activity through the whole concentration range, while RD3NCN does not catch up the activity levels of the other two in the concentration range between 0.02 mM and 0.15 mM. The maximum ratios of RD3NNC, RD3NCC, and RD3NCN are estimated to be 22.6, 22.0, and 16.8, respectively. A small enhancement of the relative activity is pronouncedly detected between RD3NCNC and the others for a small range of AFP concentration between 0.02 mM and 0.1 mM.
The maximum ratio of RD3NCNC is estimated to be 24.6. Overall, the DT f (multimers) / DT f (monomer) ratio increases in keeping with the number of domain multiplications, although the two species that comprise the N-domain at the C-terminal end (i.e., RD3NN and RD3NCN) tends to lower the activity.
Another significant observation of Figure 2b is that the top position of each curve shifts to the lower concentration side with increasing the size of the multimers, suggesting that a larger size of the multimer acquires to exert the maximum activity at a lower concentration. It is noted that we have reported the detection of maximum 5.9-fold activity enhancements of RD3 compared with the monomer (17) . It appeared that our previous estimation is slightly insufficient presumably due to an imperfect dissolution of the protein before the TH measurements, and should be revised to maximum 8.4-fold enhancements in the present study. (12) concentration", in which the DT f values of the dimer, trimer, and tetramer are plotted against the molar concentration (mM) times 2, 3, and 4, respectively. This implies that the longitudinal axis of Figure 2c represents a "per-domain DT f ", so that the observed difference between the curves of Figure 2c reflects the tandem-repetition-induced change of the TH activity of an AFP domain comprised in a certain multimer.
As can be seen in Figure 2c , the per-domain DT f values of every multimer are notably improved when compared with that of the monomer (RD3Nl). For dimers, it detected a difference in the profile between RD3 and RD3NN; the activity of the former is highly improved than the latter. For trimers, the highest and similar profiles of the per-domain DT f curves are obtained for RD3NCC and RD3NNC, while less improvement is detected for RD3NCN. An interesting finding is that the activity profile of a tetramer RD3NCNC is almost identical to that of RD3, which implies that the TH activity of the tetramer is not significantly enhanced at a per-domain level. It should be noted that in Figure 2c the curves of the multimers are sigmoid in shape, and the species that comprise the N-domain at the C-terminal-end tends to lower the activity as already described.
It was indicated that both two ice-binding planes constructed in RD3 are able to interact with the prismic planes of a single hexagonal ice crystal, which results in the morphological change of the ice crystal into a unique bipyramidal shape (17) . In the present study, the ice crystal morphology was examined for each water solution of the multimer under two different protein concentrations (0.003 mM and 0.05 mM).
As shown in the photomicrographs of Figure 3 , every multimer affords to change the morphology of a single ice crystal into a diamond shape, which is closely similar to the ordinary hexagonal bipyramid (13) observed for RD3 and various AFPs. Differently to the ordinal bipyramid, the ice crystals of the multimers commonly lack the acute corners around the pyramidal junction that slightly protrudes to the a-axis direction. It is also noted that the pyramidal plane acquires a slight curvature. As for RD3Nl, it does not afford to create bipyramidal ice crystal at the concentration of 0.003 mM, and it creates an incomplete bipyramid without acute tips when its concentration reaches to 0.02 mM (Figure 3) . It is interesting to note that the c/a-axial ratio is about 2 for RD3NN at the protein concentration of 0.003 mM, which slightly decreases in proportion with the size of the multimer, and is estimated to be 1.5 for RD3NCNC. Another significant observation is that the ice crystal size becomes dramatically small (1/3 ~ 1/4) only in the case of multimers with increasing their protein concentration from 0.003 mM to 0.05 mM. All of these data imply that a molecule comprising the multiple AFP-domains connected in tandem acquires a unique manner of the ice binding.
Discussion
Here we examined the tandem repetition effects of the type III AFP domains on TH activity and ice crystal morphology, and identified for the first time that (i) the TH activity increases in proportion with the size of the multimers, (ii) a larger size of the multimer exerts the maximum activity at lower concentration, (iii) every multimer affords to change the morphology of a single ice crystal into a unique shape that is similar but not identical to the ordinary hexagonal bipyramid, and (iv) the size of ice crystal becomes dramatically small with increasing the concentration of the multimer. Interestingly, the TH activity Figure 3 ). An interesting observation is that the largest enhancement of the TH activity was observed for the trimers but not for a tetramer; the maximum activity ratios of the two trimers (22.6 (RD3NNC) and 22.0 (RD3NCC)) are about 3-fold higher than that of a natural dimer (8.4 (RD3)) (Figure 2b ).
In order to consider the present detected domain-multiplication-effects on the TH activity and ice (15) crystal morphology from the 3D-structural viewpoint, we construct model structures of the trimers and a tetramer based on our previous determination of the NMR structure of RD3 (PDB code: 1C8A) (17) . Figure   4 illustrates one of the model structures for RD3NCNC, in which (i) two molecules of RD3 are connected using the coordinates of the native RD3 linker sequence and (ii) the N-terminal three-residues (-Asn-LysAla-) are deleted from the second NC molecule, because these 3 residues do not exist in the second domain of native RD3 (16, 17) . The previous study demonstrated that the N-and C-domains of RD3 are laterally oriented with an angle of 32 +/-12 0 , and the ice binding plane of the N-domain is located ~3.5 Å behind that of the C-domain in an averaged structure (17) . Furthermore, it demonstrated that the linker portion is flexible and has an ability to bring the two ice-binding planes of RD3 to an allowed range of orientation; the two planes are presumably aligned with respect to the ice surface in the ice-bound form (17) . These structural features are preserved in the model structure of RD3NCNC, leading to a twisted formation of the ice binding planes (indicated by ellipses) (Figure 4 ). For the clarity, here we rename this tetramer Obviously, it lacks an accuracy to predict the target ice surfaces of RD3NCNC especially for its third and fourth ice bindings, because it is extremely difficult to know the atom positions of putative ice binding residues in the AFP domains connected through the flexible linkers and their position matches with the water atom spacing of the ice {1010} prism plane. Nevertheless, it is presumable that any domains of RD3NCNC possess the ability of specific ice binding so as to strengthen the interaction between the protein and ice, which is thought to be a key determinant to enhance the TH activity at molar-and domain-bases.
Such an enhancement of the ice binding ability of the multimer is also identified by the change of the ice crystal morphology; the c/a-axial ratio becomes smaller with increasing the size of the multimer (Figure 3 ). red, N; light blue, C (hydrophobic residues); blue, C (hydrophilic residues); gray) using the Corey-PaulingKoltun (CPK) representations:
